The electronic structure of an isolated oxygen vacancy in SrTiO 3 has been investigated with a variety of ab initio quantum mechanical approaches. In particular we compared pure density functional theory ͑DFT͒ approaches with the Hartree-Fock method, and with hybrid methods where the exchange term is treated in a mixed way. Both local cluster models and periodic calculations with large supercells containing up to 80 atoms have been performed. Both diamagnetic ͑singlet state͒ and paramagnetic ͑triplet state͒ solutions have been considered. We found that the formation of an O vacancy is accompanied by the transfer of two electrons to the 3d(z 2 ) orbitals of the two Ti atoms along the Ti-Vac-Ti axis. The two electrons are spin coupled and the ground state is diamagnetic. New states associated with the defect center appear in the gap just below the conduction band edge. The formation energy computed with respect to an isolated oxygen atom in the triplet state is 9.4 eV.
I. INTRODUCTION
Point defects often determine the performance and the chemical stability and activity of oxide materials. 1 Hence, the study of point defects is of fundamental importance in the design of microelectronic devices, optical fibres, sensors, transparent conductors, ferroelectrics, catalysts, etc. In the past decades the knowledge about defects has grown to the point that their nature and concentration is controlled in a fine way, leading to the birth of a new discipline, defect engineering. Defect engineering is aimed at manipulating the nature and the concentration of defects in a material so as to tune its properties in a desired manner or to generate completely new and unexpected behaviors. For instance, by changing the defect concentration one can turn a colorless insulator into a black material with metallic conductivity or an ordinary copper oxide into a high temperature superconductor. This is for instance the case of SrTiO 3 , a band insulator with a gap of 3.2 eV, 2 well known as a ferroelectric material. By doping SrTiO 3 with La atoms and/or by creation of oxygen vacancies the system undergoes an insulator-tometal transition and even becomes a superconductor at very low temperatures (T c Ͻ0.3 K). 3 It is not surprising that the nature of the oxygen vacancy in SrTiO 3 and in general in perovskites has attracted the attention of theorists in the past. 4 -13 An essential contribution to the knowledge of the geometric and electronic structure of intrinsic and extrinsic defects comes from theoretical approaches. The rudiments of these theories has been laid in the 1930s with the methods of molecular orbital theory, 14 the theories of Thomas and Fermi, 15 and Mott and Littleton. 16 The advent of modern density functional theory ͑DFT͒ based on the Kohn-Sham equations 17 and the Hellman-Feynman theorem has established a completely new basis to elucidate the nature of defects in solids.
Nearly all ab initio studies reported on the electronic structure of an O vacancy in perovskites are based on DFT. 6, 10, 11, 13 However, there are some aspects of the nature of point defects, in particular related to their magnetic behavior, that are difficult to treat at the DFT level. 18 -20 One recent and illustrative example is that of the spin localization in an Al substitutional impurity in SiO 2 . Because of the selfinteraction problem, DFT calculations predict that the hole associated with a neutral ͓AlO 4 ͔ 0 center is delocalized over four oxygen atoms, contrary to accurate EPR experiments 21 and Hartree-Fock calculations that indicate full localization of the hole on a single bridging oxygen. 22 A similar problem can be found every time the electrons associated with a defect can be localized or delocalized on a given state of the system.
Depending on the material, the structure and properties of oxygen vacancies can vary substantially. In MgO, a highly ionic compound, a missing O atom results in two trapped electrons localized in the cavity; the driving force for the localization is the Madelung potential of the ionic crystal. The removal of a neutral O atom from MgO results in a very small local relaxation ͑the crystalline potential is only moderately perturbed and the distances around the vacancy change by less than 1%͒. The defect center gives rise to typical excitations in the visible and UV regions of the spectrum and is known as F center, from Farbe, the German word for color. The situation is completely different in SiO 2 , a solid characterized by covalent polar bonds. In SiO 2 the removal of an O atom from a wSi-O-Siw linkage ͑neutral oxygen vacancy͒ results in two Si dangling bonds, wSi " , which recombine to form a wSi-Siw covalent bond with two electrons occupying a localized state with Si-Si bonding character. 23 The process is accompanied by a strong geometrical relaxation around the defect. The associated optical transition involves localized excitations from a bonding to an antibonding state in the gap. 23 The nature of the oxygen vacancy in the two oxides, therefore, is completely different as the result of the different electronic structure and bonding in the two materials, highly ionic in MgO, covalent polar in SiO 2 . Less investigated are transition metal oxides with a degree of ionicity intermediate between fully ionic and fully covalent. Here an additional complication comes from the presence of d orbitals on the metal ion. This opens in fact new possibilities to redistribute the electrons involved in the bonding with the oxygen atom which has been removed. A characteristic of most of the transition metal oxides is the possibility to change the oxidation state of the metal. In TiO 2 , a model system for transition metal oxides, the electrons of an oxygen vacancy are neither trapped in the cavity nor lead to the formation of a metal-metal bond. Rather, they are transferred to the empty 3d levels at the bottom of the conduction band belonging to the adjacent Ti atoms. 24, 25, 26 Since the 3d states are rather localized, this corresponds to a change of the formal oxidation state, from Ti ϩ4 to Ti ϩ3 . The resulting ground state is magnetic ͑triplet͒. 24, 25 The three examples illustrated here, MgO, SiO 2 , and TiO 2 , are paradigmatic of the great variety of behaviors of oxygen vacancies in simple binary oxides.
The complexity of the situation reflects also in the analysis of the literature data on the oxygen vacancy in SrTiO 3 . Strontium titanate has a cubic structure and comprises highly ionic bonds ͑Sr-O͒ and more covalent bonds ͑Ti-O͒. Thus, SrTiO 3 presents the characteristics of both an ionic oxide and a transition metal oxide, and some ambiguity exists about the nature of an oxygen vacancy. While most studies suggest an involvement of the Ti 3d empty states in the formation of the oxygen vacancy, 7,10,11 some point to a partial or total localization of the electrons in the cavity; 4, 12 some studies show the formation of impurity levels in the gap of the material near the conduction band edge 5 while others found a shift of the Fermi level inside the conduction band by creating O vacancies. 6, 7 Scope of this paper is to provide a general description of the structure of an oxygen vacancy in SrTiO 3 based on the two most commonly used solid state physics approaches ͑lo-cal cluster models and periodic band structure methods͒, different DFT methods based on various expressions of the exchange-correlation functionals, as well as on pure HartreeFock calculations. Particular attention will be given to the possible existence of magnetic ground states and to spin localization phenomena.
II. DETAILS OF CALCULATIONS
SrTiO 3 at room temperature has the cubic structure of perovkites with a cubic cell of 3.9051 Å, while below 105 K is present in a tetragonal phase. Here we considered the cubic phase. For the description of an O vacancy in SrTiO 3 we used two different approaches, one based on cluster models and the other on periodic supercell band structure calculations. In the following we describe the main features of the two approaches.
A. Cluster calculations
SrTiO 3 is a largely ionic crystal, and the description of an oxygen vacancy in the material using a finite number of atoms requires the inclusion of the effect of the long-range Madelung potential of the extended crystal. This has been done following a widely used approach. A cluster of ions is embedded into a large matrix of classical ions represented by point charges ͑PC͒ of nominal values, i.e., ϩ2 for Sr, ϩ4 for Ti, and Ϫ2 for O. To this end, an array of 6655 PC's has been constructed. With this grid of PC's the Madelung field, Ϫ1.7487 a.u., is well converged and is reasonably homogeneous in a region of about 40 Å centered around the vacancy.
The local region where the defect is created has been treated quantum-mechanically ͑QM͒. In particular, we used two stoichiometric QM clusters, Sr 6 Fig. 1 . Stoichiometry is essential to avoid the artificial assignment of extra charges to the QM cluster in order to respect the formal oxidation number of the constituent ions. An interface between the QM cluster and the classical ions is needed in order to prevent an artificial spreading of electronic states outside the QM cluster. The interface includes Sr and Ti atoms only; these are represented by semilocal effective core potentials ͑ECP͒. 27 The interface atoms interact quantum mechanically with the atoms in the QM cluster and classically with PC's in the external region. The ECP atoms do not have basis functions associated and provide a simple representation of the finite size of the ion core.
The wave function of the QM cluster has been constructed by means of atomic Gaussian type orbital basis sets. We used two sets of basis functions that we denote in the following as basis set A and B, respectively. In basis set A the O atoms are described with the all electron 6-31G basis. 28 The Ti atoms are treated with a large core ECP which includes in the valence the 3d 2 4s 2 electrons only; the basis set is of double-zeta ͑DZ͒ quality, (3s2p5d/2s2 p2d). 29 For the Sr atoms we used a large core ECP which includes in the valence only the 5s 2 electrons; the DZ basis set is (3s2p/2s2 p). 29 In the more accurate basis set B the O atoms are treated with the all electron 6-31ϩG* basis ͑including both diffuse and d polarization functions͒. The Ti atoms are described with a small core ECP which includes in the va- 29 A problem in the study of vacancies with atomic basis functions is that these are associated with the atomic nuclei. When an atom is removed, the space is not filled by basis functions. A way to circumvent the problem is to place ''ghost'' atomic orbitals in the cavity. 30 In particular, we left the functions associated with the O atom in the center of the vacancy. This provides an higher flexibility to the basis set for the description of the localization ͑if any͒ of the trapped electrons in the vacancy.
The calculations were carried using two different theoretical approaches. Hartree-Fock ͑HF͒ calculations have been performed in the spirit of determining the wave function of the system. The HF method offers the advantage of an exact treatment of the nonlocal exchange interactions and of the spin states, but suffers from the limitation that correlation effects are completely neglected. Previous experience has shown that the HF method tends to produce solids with a large charge separation ͑strong ionic contributions͒, a wide band gap ͑2-3 times larger than in the experiment͒, and strongly localized spin states. However, there are examples where the HF method provides the correct physical picture of the spin distribution in a defect center, at variance with the DFT methods which give delocalized states. 22 The HF calculations have been compared to the DFT approach. Here we used the gradient corrected Becke's three parameters hybrid exchange functional 31 in combination with the correlation functional of Lee, Yang, and Parr 5 32 ͑B3LYP͒. This method offers the best results in terms of bond strengths in molecules and solids, and in general provides a very accurate description of several properties at the molecular level. 33 It also provides a reasonable description of the band gap in ionic solids. 20, 34 Most of the calculations have been done without optimizing the cluster geometry. LMTO calculations on KNbO 3 have shown an energy gain of 0.5 eV by relaxing the structure accompanied by a partial electron density redistribution between the O vacancy and the nearest two Nb atoms. 35, 36 On the other hand, previous LDA calculations have shown that the atomic relaxation around the vacancy consists in a small shifting of the neighboring atoms away from the vacancy site. 13 It is also known experimentally that the crystal structure and lattice parameters do not vary significantly even for small dopings of SrTiO 3 . 37 The small relaxation around this point defect is confirmed by a partial optimization of the structure with the oxygen vacancy with the Sr 12 Ti 12 O 36 cluster which shows a small displacement of the Ti ions nearest to the vacancy by 0.1 Å and away from it. Therefore, in the following, only ideal bulk structures are considered.
The cluster calculations have been performed using the Gaussian98 program package.
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B. Periodic calculations
The study of regular and defective SrTiO 3 has been performed also by means of a periodic supercell approach. We first considered the properties of the ideal Pm3m lattice. The calculations were performed using five atoms per unit cell, Sr, Ti, and three O atoms.
Large supercells of 40 and 80 atoms have been used to simulate an isolated oxygen vacancy, Fig. 2 . This corresponds to stoichiometries of the material SrTiO 2.875 and SrTiO 2.9375 , or SrTiO 3Ϫ␦ , with ␦ϭ0.125 and ␦ϭ0.0625, respectively. The electronic structure has been determined for both diamagnetic closed shell ͑singlet͒ and spin polarized open shell ͑triplet͒ solutions. The states considered in unrestricted-HF or spin polarized DFT are not pure triplet states, but the spin contamination is very small. A recent study on a Fe impurity in SrTiO 3 has shown that defectdefect interactions can be quite considerable even for supercells containing 160 atoms, in particular at the DFT level. 39 In our models the distance between two vacancies along the z axis is 7.86 Å and 15.72 Å, respectively, for 40-and 80-atoms supercells. Going from the small to the large cell we do not observe major changes in the defect electronic structure ͑atomic charges, defect bandwidth, etc.͒. Netherveless, it is clear that even at these dimensions the tails of the wave function can extend beyond the limits of the supercell. This can affect to some extent the computed quantities. On the other hand, the focus here is on the qualitative nature of the ground state in an oxygen vacancy in SrTiO 3 . The limit of infinite dilution is represented by the cluster model ͑see previous paragraph͒ where no interaction among defects is present. From this point of view, the comparison of supercells of medium size and local cluster models should provide a firm basis for our conclusions.
The supercell calculations have been performed using a massive parallel version of the CRYSTAL package, 40 a periodic program using atomic Gaussian type orbital basis sets. The basis set is close ͑although not identical͒ to that used in the cluster calculations, making a direct comparison of cluster and periodic results possible. The Sr ions have been described with a small core ECP; 29 the Sr basis set has been taken from Ref. 41 . The Ti atoms have been described at the all electron level using a 86-411͑d31͒G basis set optimized on TiO 2 ; 42 the O basis set, 8-411G, is also of all electron type and has been used in several studies on oxide crystals. 41 The Crystal calculations have been done at the HF and DFT levels using 6 K points. The LDA, B3LYP and PW91 expressions of the exchange-correlation functionals have been used in DFT calculations. Notice that the definition of the hybrid B3LYP functional implemented in the Crystal code is slightly different from that of Gaussian98.
III. RESULTS
A. Electronic structure of bulk SrTiO 3
The fundamental properties of bulk SrTiO 3 , density of states, lattice parameter (a 0 ), bulk modulus, cohesive energy (E c ), and energy gap (⌬E g ), have been computed using various methods with the Crystal code. The bottom of the lowest conduction band lines at the ⌫ point, but is close in energy to the X point. The system presents an optical band gap at the ⌫ point of 4.38 eV ͑B3LYP result͒, to be compared with the experimental band gap of 3.2 eV.
2 A much larger energy gap is found at the HF level, 12.50 eV, while the PW91 and the LDA calculations give a band gap of 2.6 -2.7 eV, Table I . This is in line with the general tendency of HF to give very high energy gaps and of DFT to slightly underestimate this quantity. 20, 34 The mixing of the HF exchange with the DFT one as in the B3LYP method results in a band gap which is too high by about 1 eV.
A crude estimate of the band gap can be obtained also from cluster calculations. In this case the gap is defined as the energy difference between the highest occupied and the lowest unoccupied energy levels in the nondefective cluster. The results are qualitatively similar to those obtained with periodic calculations, indicating a gap of 7.9 eV in HF and of 2.8 eV in DFT-B3LYP (Sr 12 Ti 12 O 36 cluster with basis set A͒. The absolute values, however, are considerably lower than those of the periodic approach.
An important aspect of the electronic structure is the amount of charge separation in the nondefective material.
With the large basis set B, the Mulliken analysis carried out on the HF cluster wave function indicates a charge on Ti of ϩ2.7, Sr ϩ1.9 ͑average͒, and O Ϫ1.5 ͑average͒; at the B3LYP level the values are Ti ϩ2.3, Sr ϩ1.9 ͑average͒, and O Ϫ1.4 ͑average͒. The Crystal B3LYP results are similar, ϩ2.6 for Ti, ϩ1.9 for Sr and Ϫ1.5 for O. Thus, while the formal charge on the Sr ion is close to the nominal one, for the Ti and the O ions there is a significant deviation from the nominal ionicity. A similar result has been reported by other authors. 6, 43 The density of states of SrTiO 3 , computed at the B3LYP level, has been projected on the atomic orbitals of the constituent atoms. It turns out that the Sr levels do not contribute to the valence band nor to the conduction band, in agreement with the nearly full ionic character of the Sr ions. The valence band is dominated by the O 2p levels with same admixture of the Ti 3d states ͑partial covalent character͒. The bottom of the conduction band is dominated by empty Ti 3d states, with very small contributions from the O ligands.
The lattice constant, the bulk modulus and the cohesive energy of SrTiO 3 are given in Table I . The HF method gives a good lattice constant, a large bulk modulus, and, not surprisingly, a too small E c ; the LDA approach is slightly better for the bulk modulus while largely overestimates the cohesive energy as expected from the self-interaction energy problem associated with LDA. Gradient-corrected functionals provide a considerable improvement. This is true in particular for the DFT-B3LYP approach, which provides the best overall agreement, Table I . The GGA-PW91 approach fails in giving an accurate description of the bulk modulus. 2Ϫ lattice ion͒ can redistribute and localize into the 3d levels of the nearest Ti atoms; the electrons can occupy 3d(z 2 )-e g type levels pointing along the Ti-Vac-Ti axis, assuming that the z axis corresponds to the Ti-Vac-Ti direction, or enter in one of 3d-t 2g levels of the Ti atom. For the singlet state there are at least two possible physical situations: ͑1͒ the two electrons associated with the vacancy are trapped by the Madelung potential in the cavity giving rise to an electron distribution which is reminiscent of the F centers in ionic crystals; ͑2͒ the two electrons are localized on the 3d(z 2 )-e g orbitals on two different Ti atoms but these orbitals are partially overlapping so that the two electrons are singlet-coupled. At this point one has to add that a third possibility exists, namely an openshell singlet which differs from the triplet solution only in the spin coupling; i.e., the two possible spin coupling states arising from well separated unpaired electrons. This openshell singlet will have an energy very close to that of the triplet state. In the following we will provide evidence that the electronic ground state of the oxygen vacancy is nonmagnetic and, hence, the open-shell singlet does not need to be further considered.
In the cluster calculations the triplet is lower in energy in most but not in all cases. In fact, the singlet-triplet energy separation, ⌬E(T-S), depends critically on the size of the cluster and on the completeness of the basis set. With the smaller Sr 6 Ti 6 O 18 cluster ⌬E(T-S) decreases from 2.41 eV with basis A to 1.48 eV with basis B ͑a positive ⌬E corre- O 36 cluster. This shows that the formation energy is relatively well converged with respect to the cluster size. However, the increase of the basis set from A to B using the Sr 6 Ti 6 O 18 cluster results in a further increase of E F to 8.8 eV, Table II, indicating that this quantity is not fully converged with respect to the basis set size. Therefore, the value of about 9 eV for the formation energy is likely to be slightly underestimated.
The above discussion on the relative stability of the closed-shell singlet and triplet states suggests that the two states have a different degree of localization. In fact, the energy of the singlet is lowered with respect to the triplet by increasing the size of the basis set and of the cluster, as one would expect if the singlet state is more delocalized. In the following we consider and discuss the nature of the two states based on electron density maps and a population analysis.
For the triplet state we report the spin density, ␣ Ϫ ␤ , which provides a direct view of the distribution of the unpaired electrons in the system. Less direct is the visualization of the charge density associated with the singlet state. This could be obtained as the difference of the total density for the nondefective system minus the density of the defective system and that of an O atom. As an alternative, we report the plot of the molecular orbital ͑MO͒ corresponding to the impurity state in the gap associated with the vacancy. In comparing the plots of the singlet and triplet states, Figs. 3 and 4 , one has to be aware that different quantities are reported. Still, very useful information about the charge distribution can be obtained in this way.
We restrict the analysis to the Sr 12 Ti 12 O 36 cluster. At the HF level, the triplet state is characterized by two electrons occupying the 3d(z 2 )-e g orbitals on the Ti atoms directly above and below the vacancy, Fig. 3͑a͒ . There is virtually no residual spin density on the other Ti atoms, indicating a strong degree of localization. At the B3LYP level the result is similar but we observe a tendency to distribute the unpaired electrons also on the other Ti atoms along the Ti-Vac-Ti axis, Fig. 3͑b͒ . As a result, 84% of the spin density is around the vacancy, and only the remaining 16% is delocalized over the Ti atoms of the cluster, Table III. For the singlet state, Fig. 4 , we concentrate our attention on the shape of the doubly occupied MO in the band gap. At the HF level we observe a considerable electron density at the center of the vacancy, Fig. 4͑a͒ ; the effect is found also at the DFT-B3LYP level, Fig. 4͑b͒ due to the overlap of the 3d(z 2 )-e g orbitals on the two Ti atoms with the functions centered in the vacancy. In this respect, the charge distribution associated with the O vacancy is quite different from that of a classical F center in alkali halides or alkaline-earth oxides. In this latter case in fact the maximum of the electron density is at the center of the vacancy and the distribution is isotropic. In the case of SrTiO 3 , on the contrary, the maximum of the electron density is near the Ti atoms and the charge distribution is elongated along the direction of the Ti-Vac-Ti axis. This will be clearer in another view of the charge density obtained with the periodic calculation and discussed in the next section. The charge distribution is consistent with the position of the defect level which is close to the conduction band, in particular at the B3LYP level, indicating a substantial contribution from the Ti 3d states.
To summarize this section, the cluster calculations show that the removal of an O atom from the lattice has an high energy cost ͑9 eV or more͒. Two electrons are transferred from the valence of the central O atom to the empty 3d states of the Ti nearest neighbors; the wave functions of the two electrons do overlap to a certain extent so that a competition is found for the two states where the spin are singlet or triplet coupled. By extending the size of both the QM region and of the basis set, there is a clear tendency to favor the singlet state, more delocalized, with respect to the triplet one.
C. The neutral O vacancy in SrTiO 3 : Periodic calculations
To describe the formation of an O vacancy in the bulk of SrTiO 3 we have used two supercells. The first one, containing 40 atoms, Fig. 2 , corresponds to a rather high density of defects, SrTiO 3Ϫ␦ with ␦ϭ0.125. One every two oxygen atoms along the Ti-O-Ti c axis has been removed. This could result in the interaction of the wave functions of the individual vacancies. In order to remove this problem, the size of the cell has been doubled along the c axis ͑80-atoms supercell͒. In this way the Ti atoms nearest to the vacancy are properly coordinated and sufficiently distant from the next defect. With the 40-atoms unit cell the electronic structure of the vacancy has been determined at four theoretical levels: HF, LDA, B3LYP and PW91. For the larger 80-atoms cell we restricted the analysis to the HF and B3LYP methods.
The DOS curves, Fig. 5 , show that by creating the vacancy, a new occupied state appears in the gap, at 3.4 eV above the top of the valence band and 0.8 eV below the bottom of the conduction band ͑singlet state͒. This is consistent with experimental estimates which indicated an ionization energy for the neutral oxygen vacancy of the order of 0.4 eV, 44 and with optical measurements which suggest the presence vacancies-induced states slightly below the conduction band edge. 45 A second empty state is very close to the first one, Fig. 5 . It should be mentioned however that the interpretation of these experiments is far from being unambiguous: in fact, along with F centers many other defects or defect complexes can contribute to the observed states. Other experiments indicate that F-type centers have optical absorptions around 2.7 eV, thus suggesting that the F center corresponds to a deep state in the gap. 36 These levels have a significant contribution from the Ti 3d orbitals but are mixed-in with the orbitals placed at the center of the vacancy. The two levels can be seen as a bond- ing and antibonding combinations of 3d(z 2 ) orbitals on the two Ti atoms directly above and below the vacancy. These states are separated from the conduction band, showing that the defect states have a distinct character from those contributing to the conduction band ͑mainly Ti 3d empty levels͒.
The first question of interest is the nature of the ground state. With the 40-atoms supercell we found that the triplet configuration is slightly preferred ͑by 0.13 eV͒ only at the HF level. At the DFT level the singlet state is always lower in energy, with energy differences between triplet and singlet that go from 0.3 to 0.5 eV, Table IV . The preference for a triplet state in HF is not too surprising if we consider the already mentioned general tendency of this method to localize spins and favor open shell structures. The preference for a closed shell singlet ground state is confirmed by the calculations done with the larger, 80-atoms supercell. Here the singlet state is preferred not only in B3LYP, but also at the HF level. The HF calculation has not converged on the lowest triplet configuration but on a state where the unpaired electrons are localized on a t 2g combination of 3d orbitals. Unfortunately we were unable to obtain proper convergence on the 3d(z 2 )-e g triplet state in HF which is the lowest triplet in the other calculations ͑in general we observed a very slow convergence of the periodic calculations for the open shell solutions͒.
From the periodic calculations it emerges quite clearly that the singlet state is the most stable one; this result is obtained at the DFT level with various exchange-correlation functionals, even including a contribution from the exact HF exchange as in B3LYP. We have seen above that with cluster models the singlet is also the most stable state provided that sufficiently large clusters and basis sets are used. The fact that the closed-shell singlet state is lower than the open-shell triplet state is a strong proof of the non-magnetic character of the electronic ground state. In fact, for a magnetic state one will have the triplet ͑ferromagnetic͒ and open-shell singlet ͑antiferromagnetic͒ states near degenerate and well below the close-shell singlet. Having established that the nature of the ground state is nonmagnetic, we move now to the analysis of the charge distribution in the vacancy, Table IV. We begin from the analysis of the charge distribution in the singlet ground state of the O vacancy. We have plotted the charge density of the system for an energy range corresponding to the electronic state ͑Kohn-Sham eigenvalue͒ associated with the vacancy in the gap ͑see Fig. 5͒ ; in this energy range only one doubly occupied level is present and the charge density integrates to two electrons. The plots, Fig.   6 , show that the two electrons are largely localized on the Ti 3d(z 2 )-e g orbitals with substantial extension of the electron cloud towards the center of the vacancy. This is true at both HF and B3LYP levels, Fig. 6 . It is important to note that the charge distribution obtained with a periodic approach is qualitatively similar to that obtained from the cluster calculations, see Fig. 4 . The chemical reduction of the Ti ions adjacent to the vacancy from Ti 4ϩ to Ti 3ϩ should result in a shift of the Ti core levels.
The situation is somewhat more complex when we analyze the spin distribution in the triplet state. We restrict the analysis to the B3LYP results which give the same lowest triplet configuration with the 40-atoms and the 80-atoms supercell. In B3LYP the spin is partially delocalized over many Ti centers, although the largest contribution is from the two Ti atoms nearest to the vacancy. A semiquantitative evaluation of the degree of delocalization is provided by the results of the spin population which show that about 80% of the unpaired electrons is on the Ti atoms above and below the vacancy, while the rest is more or less equally divided among the remaining Ti atoms of the supercell, Table III . Also this result is qualitatively similar to that obtained with cluster models, indicating a substantial equivalence of the two physical situations.
Finally we consider the formation energy of the oxygen vacancy. In this respect the most accurate values are those obtained using gradient corrected B3LYP and PW91 functionals. The HF and the LDA values obtained with the 40-atoms supercell, 7.73 and 10.90 eV, respectively, are lower and upper bounds to the actual energy cost. Both the B3LYP and the PW91 methods predict a formation energy close to 10 eV, Table IV. Our best estimate obtained at the B3LYP level with the 80-atoms supercell is 9.4 eV. This is very similar to that estimated for an O vacancy in the bulk of MgO, 9.5 eV. 46 It is interesting to note that the formation energy computed with a periodic approach, 9.4 eV, is about 0.6 eV larger than that obtained from cluster calculations ͑8.8 eV with basis set B and the Sr 6 Ti 6 O 18 cluster, Table II͒ . This is probably due to the incompleteness of the basis set in the cluster calculations but could also arise in part from the electrostatic potential at the vacancy site provided by the embedding in formal point charges.
IV. CONCLUSIONS
The nature of the oxygen vacancy in SrTiO 3 has been addressed previously, 4 -12 although only few studies have been performed at an ab initio level. 6, 9, 10, 11 In this paper we have considered for the first time the competition between magnetic and non-magnetic coupling of the two extra electrons associated with the vacancy. In order to do this, various methods and computational approaches have been adopted. In fact, it has been shown that the use of pure DFT methods may result in misleading results when spin localization processes are involved. 22 The main features of our study can be summarized as follows.
͑1͒ Different kinds of bonds exist in SrTiO 3 . The Sr-O interactions are very ionic, as for binary alkaline-earth oxides, while the Ti-O bonding has a mixed ionic-covalent character. This leads in principle to a competition between the tendency to trap the electrons associated with the missing oxygen in the vacancy ͑F center͒ or to localize them on the 3d levels of the transition metal ion. The results show that the electrons are not localized in the vacancy. In this respect, the notation of F center for an O vacancy in SrTiO 3 is not fully justified. The creation of a neutral O vacancy results in new states in the band gap, below the conduction band. This is consistent with previous theoretical studies 6 and with experimental estimates which indicated a very small ionization energy for the oxygen vacancy, of the order of 0.4 eV. 44 Optical measurements suggest that the presence of oxygen vacancies induce states slightly below the conduction band edge, 45 although these assignments are not unambiguous.
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͑2͒ These states are mainly composed of 3d(z 2 ) levels of the two Ti atoms directly above and below the vacancy. The states are considerably mixed in with the s-type orbitals at the center of the cavity, giving rise to a substantial overlap of the wave functions. The localization of the electrons on Ti is consistent with photoemission studies on the surface of SrTiO 3 which indicate the formation of Ti 3ϩ ions when surface defects are created by Ar ϩ -ion bombardment. 47, 48 ͑3͒ The ground state of the system is nonmagnetic since the two electrons are singlet coupled ͑singlet closed-shell ground state͒. While the exact singlet-triplet separation may depend on the size of the supercell used for the calculations, the qualitative result is not, suggesting that this conclusion is not dependent on this aspect of the calculation. The triplet solution is slightly lower in energy only at the HF level. A singlet ground state is what one expects for F centers in ionic crystals, but differs from what has been found in TiO 2 where the formation of an O vacancy results in a triplet ground state with spins localized on two different Ti atoms. 24 In SrTiO 3 the singlet ground state is the result of the coupling of the two electrons which occupy 3d(z 2 ) levels on the two Ti atoms. The charge distribution is similar to that found for the same kind of defect in other perovskites like PbTiO 3 , 10 BaTiO 3 , 11 and KNbO 3 .
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͑4͒ The formation energy of the isolated vacancy, computed with respect to an O ( 3 P) atom, is close to 10 eV ͑9.4 eV is our best estimate͒. Since the strength of the O 2 bond is correctly reproduced in B3LYP, 5.2 eV, this corresponds to a formation energy of 6.8 eV with respect to 1/2O 2 .
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